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Interaction of miRNAs with the untranslated region (UTR), most often with the 3 0 -UTR, of various transcripts results in transcript degradation or translational repression. 2 In a wide range of cancer types, miRNAs are dysregulated, affecting cell proliferation and differentiation because of their impact on gene regulation. 3 In hepatocellular carcinoma (HCC), alteration of miRNA expression profiles are suggested to be involved in increased proliferation, liver-tumor initiation, and progression. [4] [5] [6] Furthermore, divergent miRNA patterns were observed during chronic liver disease due to various etiologies, [7] [8] [9] but function of miRNA in chronic inflammatory liver diseases is not well known. 10, 11 Chronic liver disease, independent of the causing noxa, results in fibrosis, which is characterized by excessive accumulation of extracellular matrix (ECM) proteins, in particular, of various collagens. 12, 13 The central cell type of liver fibrosis are myofibroblastic cells of different origin, producing mainly the ECM components and being responsible for profibrogenic growth factor secretion. 12, 14, 15 Sinusoidal hepatic stellate cells (HSC) are the main source of myofibroblastic cells and matrix deposition. 12, 16 In the quiescent state, they store 80% of the body vitamin A in fat droplets. After liver injury, however, they lose fat droplets, get activated, and transdifferentiate into myofibroblasts. Myofibroblastic transition is characterized by an increased a-smooth muscle actin (SMA) assembly, augmented matrix production, and by an enhanced profibrotic growth factor secretion. 12, 16, 17 This comprehensive change in gene expression is associated with a pronounced dysregulation of miRNA synthesis. [18] [19] [20] Recent studies have shown that several miRNA, such as miR -16, 21 miR-27a/b, 20 miR-195, 22 and miR-335 23 are involved in proliferation or induced migration of myofibroblastic-activated HSC. Others such as miR-19b, miR-150, and miR-194 are suggested to participate in TGF-b signaling and myofibroblastic HSC activation, respectively. 24, 25 In particular, members of the miR-29 family, repressed during myofibroblastic activation, 26 are of special interest, because their dysregulation has been shown to be involved in synthesis of ECM proteins. [26] [27] [28] [29] [30] The miR-29 family consists of miR-29a, miR-29b, and miR-29c, differing only in two or three bases. The miR-29a and miR-29b 1 , as well as miR-29c and miR-29b 2 , are encoded and transcribed in tandem by two genes located on chromosome 7 or chromosome 1, respectively. 31, 32 van Rooij et al 30 first emphasized the role of miR-29 after myocardial infarction, demonstrating its inhibitory effect on elastin, collagen I and III synthesis in cardiac fibroblasts, and its repression by TGF-b. Accordingly, downregulation of miR-29 was suggested to enhance the fibrotic response after myocardial infarction, whereas overexpression of miR-29 in cardiac fibroblasts reduced collagen expression. Similarly, Ogawa et al 29 demonstrated that miR-29 inhibits the production of fibrillar collagen in HSC, suggesting also a function of miR-29 in liver fibrosis. 26 In the present study, we provide detailed evidence for the antifibrotic action of miR-29 interfering with the profibrotic growth factor release from HSC, pointing to its central role in chronic liver disease. Our data demonstrate that miR-29 represses not only fibrotic accumulation of collagen I, III, and IV as previously shown, [26] [27] [28] [29] [30] but also expression of profibrogenic mediators, platelet-derived growth factor C (PDGF-C) and insulin-like growth factor I (IGF-I) in HSC.
MATERIALS AND METHODS Bioinformatics
To identify targets of miR-29 the databases Miranda (http:// www.microrna.org), 33 Targetscan (http://www.targetscan. org), 34 and Pictar (http://pictar.bio.nyu.edu) 35 were screened. Common target sequences of miR-29, identified by the algorithms of Miranda, Pictar, and Targetscan, were evaluated using the query platform of the Mathematical Bioscience Institute at Ohio State University, Columbus, OH, USA; (http://www.mbi.osu.edu) and listed according to their ranking score.
Plasmid Construction
Targets of miR-29 were queried using different databases as described in Table 1 . The putative binding sites of PDGF-C, vascular endothelial growth factor (VEGF)-A, and IGF-I, as well as the corresponding mutants containing two point mutations were created by oligonucleotide dimerization and subsequent insertion downstream to the Renilla luciferase gene of the psiCHECK-2 vector (Ambion, Austin, TX, USA; Figure 2a ). Oligonucleotides used for dimerization are listed in Supplementary Table S1 .
Isolation, Primary Cell Culture, and Stimulation of HSC Isolation of primary rat HSC was performed by liver perfusion and Nycodenz density centrifugation as previously described. 17, 36 For myofibroblastic transition, HSC were maintained in Dulbecco's modified Eagles medium (DMEM) with 20% fetal calf serum (FCS) the first 2 days after isolation, followed by culture in DMEM with 10 % FCS. Myofibroblastic transition was characterized by induction of a-SMA expression. HSC at day 3 are considered as quiescent relative to day 7 of HSC culture, expressing high levels of SMA, and considered as myofibroblastic cells.
HSC-T6, kindly provided by SL Friedman, were cultured as previously described, 37 and used for miR-29 transfection. As a positive control for miR-29-induced translational inhibition, cells were treated with 1 mg/ml cycloheximide. After 24 h, cells were lysed for subsequent protein or RNA analyses, respectively. All cells were maintained at 37 1C and 5% CO 2 in a humidified atmosphere.
Total RNA Extraction
Total RNA from snap-frozen cell culture, tissue, and serum samples was isolated using the Qiazol reagent following the instructions of the supplier (Qiagen, Hilden, Germany). RNA quantity was determined by A 260 -measurement using the ND-1000 NanoDrop spectrophotometer (NanoDrop, Wilmington, DE, USA), quality was assessed by microcapillary electrophoresis (2100 BioAnalyser, Agilent Technologies, Waldbronn, Germany), and RNA preparations from human formalin-fixed and paraffin-embedded biopsies were performed as described previously.
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Quantifying miRNA by Real-Time PCR miRNA was analyzed by a two-step real-time PCR using the miScript-Reverse Transcription Kit and the miRNA-SYBR Green PCR Kit (Qiagen). Primers used for cDNA synthesis and real-time PCR were selected and purchased from the GeneGlobe Search Center (Qiagen). All steps were performed in triplicate and in agreement with the supplier's guidelines. Cellular miRNA levels were normalized using RNU6 as reference.
Transcript Quantification by Real-Time PCR Total RNA (1 mg) was reverse transcribed using the HighCapacity cDNA Reverse Transcription Kit (Applied Biosystems Applera, Darmstadt, Germany) as instructed. A total of 10 ng cDNA were used for real-time PCR using the Power SYBR Green PCR Mastermix (Applied Biosystems Applera), and specific primers listed in the Supplementary Table S2 . Transcript levels were evaluated by absolute quantification using an online standard curve and corrected by normalization to the house-keeping gene hypoxanthin-phosphoribosyl-transferase (HPRT). Immunoblotting and ELISA Equal amounts of protein (10 mg) were resolved on 4-12% SDS-polyacrylamide gels (Biorad, München, Germany) and used for immunoblotting. Anti-PDGF-C (1:300) was purchased from Santa Cruz (Heidelberg, Germany). For quantification of rat IGF-I in the HSC medium, an IGF-I immunoassay (R&D Systems, Wiesbaden-Nordenstadt, Germany) was used. Rat VEGF-A was measured in cell culture supernatants with a rat VEGF ELISA kit (RayBiotech, Norcross, GA, USA) as instructed.
Induction of Biliary Fibrosis after Bile-Duct Occlusion in Rats
A total of 12 Wistar rats (250-300 g) were subjected to bileduct occlusion (BDO) as described earlier, 39,40 whereas 8 animals were sham-operated. All experiments were conducted in accordance with the National Health and Medical Research Committee Guidelines for Animal Experimentation. Livers were snap-frozen in liquid nitrogen, and used for RNA analysis and hydroxyproline determination as described before. 40 Liver tissue from liver segment IV was fixed in 4% buffered paraformaldehyde and embedded in paraffin for histopathological evaluation after Gomori and Sirius Red staining. collagen subunits. 26, 29, 30 Our query of databases revealed that mRNA of members of the PDGF ligand and receptor family, and IGF-I might be further putative targets of miR-29. The miR-29 binding sites were predicted in the 3 0 -UTR of the PDGF-BB receptor, PDGF-C and VEGF-A, and in the IGF-I mRNA ( Table 1 ). All of these putative binding sites were highly conserved between species (Figure 1) , making it even more likely that they might represent regulatory targets of miR-29.
Specific miR-29 Interaction to the 3 0 -UTR of PDGF-C and IGF-A Transcripts
To analyze miR-29 binding to the UTR of these putative targets, we inserted either the predicted interaction site or the corresponding sequence, carrying two point mutations, downstream to the luciferase reporter (Figure 2a) . Indeed, luciferase reporter assays confirmed the interaction of miR-29 with the 3 0 -UTR of PDGF-C, VEGF-A, and IGF-I (Figures 2c-e) , but not with the 3 0 -UTR of PDGF-BB receptor or PDGF-BB (data not shown). The specificity of miR-29 interaction with the 3 0 -UTR binding sites of PDGF-C, IGF-I, and VEGF-A was proven by the marked repression of the wild-type reporter constructs in miR-29-treated HSC, whereas no miR-29 inhibitory effects were observed on the activities of reporters carrying mutated binding sites (Figures 2c-e) .
Synthesis of PDGF-C and IGF-I in HSC Is Inhibited by Overexpression of miR-29
Both members of the miR-29 family, miR-29a and miR-29b, are decreased during myofibroblastic transition of primary HSC (Figure 3a) , whereas the expression levels of putative targets PDGF-C and IGF-I are markedly increased. In contrast to PDGF-C and IGF-I, the expression of VEGF-A, also identified as a putative target by bioinformatics and belonging to the PDGF-family, is not upregulated during myofibroblastic transition (Figure 3b) . To compensate for the reduced levels of miR-29 members in myofibroblastic HSC, we treated HSC-T6 cells, representing the myofibroblastic HSC phenotype, with HGF. Our recent findings have shown that HGF upregulates miR-29a and miR-29b up to 3-to 4-fold in both primary HSC and myofibroblastic HSC-T6 cells. 27 The HGF treatment of HSC-T6 cells resulted in a definitive decrease of PDGF-C and IGF-I expression ( Figure 4) . Next, we overexpressed miR-29a and miR-29b by transfection of the respective mimics into HSC-T6 cells, leading to a 100-fold increase of each miR-29 member in HSC (Supplementary Figure S1) . This miR-29 overexpression caused a marked repression of PDGF-C and IGF-I transcripts in myofibroblastic HSC, but not of VEGF-A mRNA levels (Figure 5a) .
Inhibition of IGF-I and PDGF-C protein synthesis by miR-29 was then compared with translational inhibition by cycloheximide, emphasizing the definitive inhibitory influence of miR-29 on IGF-I and PDGF-C synthesis, whereas VEGF-A synthesis was not affected (Figure 5b) . Thus, our data show for the first time that miR-29 is not only involved in preventing fibrosis through the repression of ECM synthesis, but also by repressing PDGF-C and IGF-I.
High IGF-I and PDGF-C Expression in Liver Tissues Correlates with Reduced miR-29 Levels after Experimental Fibrosis
The miR-29 expression was previously shown to be reduced in liver specimens undergoing experimental fibrosis. 26, 27 To analyze the link between PDGF-C and IGF-I expression, and reduced miR-29 levels in the fibrotic liver, we performed BDO in rats, and miR-29 levels were compared with miR-29 levels in livers of sham-operated animals. Four weeks after BDO, fibrotic septa had developed (Figure 6a ), accompanied by a marked decrease in miR-29a and miR-29b levels (Supplementary Figure S2 ) as shown recently. 26, 27 Furthermore, evidence for inflammation and elevated collagen synthesis was found in the fibrotic livers as determined by recruitment of inflammatory cells, Gomori histology, and by rising hydroxyproline levels. Both, the inflammatory response and the increase of matrix production significantly correlated with a decrease in the levels of miR-29 ( Figure 6b) .
As it has been suggested by previous reports that there might be a systematic inverse relationship between the levels of miRNA expression and the potential target transcripts, 41, 42 we analyzed if the reduced miR-29 levels are associated with increased PDGF-C, IGF-I, and VEGF-A mRNA levels ( Figure 6c) . Indeed, examination of PDGF-C, IGF-I, and VEGF-A mRNA levels in comparison with the miR-29 expression demonstrates that the reduction of miR-29 after experimental fibrosis in rats is associated with enhanced expression of PDGF-C and IGF-I (Figure 6c , Table 1 ), though the inverse correlation for PDGF-C was rather weak. In agreement with the in-vitro studies in HSC, VEGF-A expression was not inversely correlated with miR-29 levels in hepatic fibrosis (Table 2) .
DISCUSSION
In this study, we provide evidence for a prominent role of miR-29 as a central antifibrotic mediator of liver fibrogenesis, Figure 5 Influence of miR-29a and miR-29b on platelet-derived growth factor (PDGF)-C, insulin-like growth factor (IGF)-I, and vascular endothelial growth factor (VEGF)-A synthesis. Myofibroblastic hepatic stellate cell (HSC)-T6 cells treated with either miR-29a, miR-29b (ago-miR-29a, ago-miR-29b), scrambled microRNA (miRNA), or cycloheximide were analyzed for transcript (a) and protein (b) levels of PDGF-C, IGF-I, and VEGF-A. All transcript levels were quantified by real-time PCR (a). PDGF-C protein synthesis was evaluated by three independent western immunoblotting experiments and subsequent densitometric quantification (relative integrated densitometric units, IDV). Protein values of IGF-I and VEGF-A were quantified by ELISA (b) (*Po0.05, **Po0.01).
affecting not only ECM production, but also expression of the profibrogenic growth factors PDGF-C and IGF-I.
On the basis of our in-silico data, miR-29 is predicted to interact with a number of mRNAs encoding for cellular signal transducers and growth factors. Accordingly, previous reports have emphasized its role in carcinogenesis, demonstrating post-transcriptional repression of mRNA involved in cell cycle control, apoptosis, 31, 43, 44 and DNA methylation. 45 In terms of fibrosis, however, miR-29 has so far only been described as a prominent regulator of the ECM synthesis. [26] [27] [28] [29] [30] As myofibroblastic HSC express a wide panel of cytokines and growth factors that perpetuate the fibrotic process through paracrine and autocrine effects, 12, 46 we specifically investigated profibrotic mediators as novel putative targets of miR-29. Previous studies of Sekiya et al 47 indicate that miR-29b represses myofibroblastic activation, including synthesis of SMA and PDGF-BB receptor. Although our in-silico analysis suggested that miR-29 might regulate a large mRNA cluster of the PDGF ligand and receptor family, our functional analyses provided little evidence for posttranscriptional inhibition of the PDGF-BB receptor, PDGF-B, and VEGF-A, by miR-29. Instead, our miR-29 binding studies and expression data of miR-29-treated HSC clearly demonstrated that the growth factors PDGF-C and IGF-I were tightly regulated by miR-29. These novel targets of miR-29 are known to have prominent roles in liver fibrogenesis by triggering HSC proliferation and their transition into myofibroblasts, which is accompanied by extensive collagen synthesis. 48, 49 However, miR-29 treatment of other cell types, such as embryonic muscle cells also results in a reduction of IGF-I and PDGF-C (data not shown), suggesting a general function of miR-29 in synthesis of these growth factors. Therefore, miR-29 impedes the ECM accumulation during liver fibrogenesis not only by direct suppression of collagen synthesis, but also by interfering with the PDGF-C-and IGF-I-mediated profibrotic pathways. Although hepatocytes are the main source of IGF-I, leading to paracrine stimulation of HSC during fibrogenesis, autocrine stimulation is also induced by IGF-I upregulation during myofibroblastic transdifferentiation. Although IGF-I has also been shown to induce apoptosis in HSC, 50 in cooperation with PDGF-BB, it certainly functions as an important mitogen for hepatic myofibroblasts.
51,52 Accordingly, miR-29, shown to affect moderately HSC proliferation, 53 might be involved in HSC growth by posttranscriptional IGF-I synthesis control.
The other functional target of miR-29, PDGF-C, belongs to the PDGF growth factor family and binds to the PDGF receptor-A dimers or to PDGF receptor-AB heterodimers. 54, 55 PDGF-C elicits mitogenic and migratory activities in fibroblasts, smooth muscle cells, and pericytes, 54, 55 and is highly upregulated in myofibroblastic HSC. 48 Its hepatic overexpression in a transgenic mouse model produced histomorphological changes ranging from steatosis to steatohepatitis and fibrosis, ultimately leading to hepatocellular carcinogenesis. 56 IGF-I is also known to have an important role in hepatocarcinogenesis. 57 As miR-29 is reduced in HCC, 44 overexpression of PDGF-C and IGF-I during hepatocarcinogenesis 56,57 might be a consequence of miR-29 dysregulation. The antifibrotic function of miR-29 in experimental and human fibrosis is further underlined by its inverse correlation with the severity of inflammation and fibrosis. 27 van Rooij et al 30 have previously studied the function of miR-29 in myocarditis, pointing out that TGF-b is a main suppressor of Table 2 Correlation of PDGF-C, IGF-I, and VEGF-A expression with miR-29a and miR-29b decrease during experimental fibrosis in BDO-treated rats Po0.000 P ¼ 0.020 Po0.000 Po0.001
Abbreviations: BDO, bile-duct occlusion; IGF, insulin-like growth factor; PDGF, platelet-derived growth factor; VEGF, vascular endothelial growth factor. r: Spearman's rank correlation coefficient.
*: Significant, Po 0.05; **: highly significant Po0.01; *** Po0.001. miR-29 expression. We showed recently that both central profibrotic factors, PDGF-BB and TGF-b, repress miR-29 in HSC, and might be responsible for the reduction of miR-29 in the fibrotic liver. 27 Therefore, miR-29 is a crucial mediator in cellular communication pathways of liver fibrosis, being regulated by profibrogenic growth factors on one hand and controlling the synthesis of PDGF-C and IGF-I on the other.
